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DFTAbstract Using density functional theory (DFT), a systematic study of structure, bonding, vibra-
tion, excitation energies and non-linear optical properties has been carried out for noncentrosym-
metric L-proline lithium chloride monohydrate and L-proline lithium bromide monohydrate for the
ﬁrst time. The calculated vibrational frequencies and the S0ﬁ S1 transition energy were compared
with the earlier reported experimental results and found in good agreement. HOMO–LUMO
energy gap was calculated by CIS, B3LYP and CISD using 6-31G(d,p), 3-21G, 6-31++G respec-
tively and the obtained results are compared. For the calculation of excitation energies we used time
dependent DFT (TDDFT). Both the molecules show the considerably lower dipole moment in
excited state in comparison with the ground state. Mulliken charge and molecular electrostatic
potential were studied. The ﬁrst order hyperpolarizability for LPLCM and LPLBM are
2.15675 · 1030 esu and 3.78984 · 1030 esu respectively which are 5 and 10 times higher than pro-
totype urea (0.3728 · 1030 esu) molecule. The global chemical reactivity descriptors were also cal-
culated. The calculated results of polarizability, ﬁrst and second hyperpolarizability conﬁrm that
these molecules are good non-linear optical materials and can be used for laser device fabrications.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In current past the search of new materials like from organic,
inorganic and semiorganic class with unique nonlinear optical
(NLO) properties is in progress. The use of optical materials
has been increased due to their wide range of applications in
the ﬁeld of semiconductors, superconductors, photonics such-proline
10.1016/
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(b)
LPLCM
LPLBM
Figure 1 Ground state optimized geometry of (a) L-proline
lithium chloride monohydrate and (b) L-proline lithium bromide
monohydrate.
2 H. Abbas et al.as high-speed information processing, frequency conversion,
optical communication, and high optical disk data storage.
Semiorganic materials have potential to combine the high opti-
cal nonlinearity and chemical ﬂexibility of organics with the
physical ruggedness of the inorganic materials (Monaco
et al., 1987; Sathyalakshmi et al., 2007; Balakrishnan and
Ramamurthi, 2006; Myung et al., 2005; Kandasamy et al.,
2007; Yukawa et al., 1983). Therefore, in this direction the
wide investigation has resulted in the discovery of a series of
new semiorganic materials. Current literature survey shows
that the various amino acids offer a wide range of choice to
synthesize the new semiorganic materials exhibiting enhanced
nonlinear optical properties (Uma Devi et al., 2008, 2009).
Some crystals of amino acid complexes with the simple inor-
ganic salts show interesting physical properties from applica-
tion point of view. Among the various amino acids, all
except the glycine, are distinguished by chiral carbons, a car-
boxyl (ACOOH) and amino (ANH2) group which are deﬁned
as the proton donating and proton accepting molecules.
Proline is a rich amino acid in collagen and is exceptional
among the amino acids because it is the only one in which
the amine group is part of a pyrrolidine ring, thus making it
rigid and directional in biological systems (Kalaiselvi and
Jayavel, 2012). L-proline has been extensively used for synthe-
sizing the various salts and their crystal growth with different
class of organic and inorganic acids in noncentrosymmetric
structures: L-proline cadmium chloride monohydrate
(LPCCM), L-prolinium picrate, L-proline lithium chloride
monohydrate (LPLCM), L-proline dimercuricchloride, etc.,
these crystals exhibit relative second harmonic generation
(SHG) efﬁciency 2, 52, 0.2 and 2.5 times of KDP
(Kandasamy et al., 2007; Yukawa et al., 1983; Uma Devi
et al., 2008, 2009; Kalaiselvi and Jayavel, 2012; Shakir et al.,
2010). Recently a new noncentrosymmetric compound of L-
proline with lithium bromide named L-proline lithium bromide
monohydrate (LPLBM) was also synthesized and its crystal
growth, crystal structure, spectroscopy, elemental analysis
and thermal properties were reported (Shkir et al., 2014). L-
proline has also been used in various ﬁelds: as a catalyst in dif-
ferent reactions, in preparation of nanoparticle, in
Pharmaceutical, etc. for different applications (Vosloo et al.,
2013; Khalaﬁ-Nezhad et al., 2013; Gunasekaran et al., 2014;
Tan et al., 2013; Mu et al., 2013; Zhang et al., 2012; Tilborg
et al., 2010; Karimi et al., 2012). The metal ions or atoms occur
extensively in association with proteins and show a wide range
of functions (Muller et al., 1994; Fleck, 2008; Fleck et al.,
2008).
In recent scenario, much research efforts have been focused
on the study of vibrational properties by tentative assignments
of the experimental infrared and Raman spectrum for many
new compounds. Density functional theory (DFT) is develop-
ing very fast as a cost effective general method for studying the
vibrational properties of molecules (Johnson et al., 1993). The
main advantage of DFT is to determine reasonable vibrational
frequencies, geometries, photo-physical, nonlinear optical
(NLO) properties which are much superior to the conventional
methods (Elleuch et al., 2007; Shkir and Abbas, 2014a,b; Shkir
et al., 2015a; Sudharsana et al., 2014; Reshak and Khan, 2014;
Azhagiri et al., 2014; Li et al., 2013; Karakas et al., 2014). With
experimental study of new as well as existing materials the
theoretical investigation of them is also very important to
understand the basic properties of materials.Please cite this article in press as: Abbas, H. et al., Density functional study of spectr
lithium chloride and L-proline lithium bromide monohydrate: For laser app
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on theoretical investigation of noncentrosymmetric LPLCM
and LPLBM semiorganic compounds. Therefore, in the pre-
sent investigation author’s main aim was to report the struc-
tural, vibrational, optical and nonlinear optical properties of
recently invented LPLCM and LPLBM semiorganic com-
pounds by using DFT (B3LYP) with predicting the structural
and vibrational properties of the title compounds.
2. Computational methodology details
The ground and excited state properties have been obtained,
employing different schemes like RHF, CIS and DFT,
TDDFT respectively with 6-31G(d,p) basis set. In the present
study, we mainly focus on the results obtained by DFT and
TDDFT. The ground state (S0) optimized geometry was used
in electronic transition energy and vibrational frequencies cal-
culation. In the DFT/TDDFT calculations, we used Becke’s
three parameter hybrid method combined with the Lee,
Yang and Parr correction (B3LYP) functional. We have not
observed any imaginary vibrational frequency, so the geometry
shown in Fig. 1 can be considered as true equilibrium geometry
on the potential energy surface. The calculated frequencies are
scaled in order to match with the experimental value. All cal-
culations have been performed with the GAMESS package
(GAMESS version 25 Mar., 2010, Iowa State University) in
C1 symmetry. We have also performed CIS(D) calculationsoscopy, electronic structure, linear and nonlinear optical properties of L-proline
lications. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Table 1 Bond distance and bond order analysis of L-proline lithium chloride monohydrate (LPLCM).
Bond Bond Bond
Atom Pair Dist Order Atom Pair Dist Order Atom Pair Dist Order
1 2 1.537 0.985 1 3 1.546 0.976 1 12 1.091 0.951
1 13 1.096 0.953 2 4 1.531 0.988 2 21 1.095 0.940
2 22 1.093 0.955 3 5 1.524 0.929 3 6 1.501 0.866
3 14 1.095 0.915 4 6 1.498 0.892 4 19 1.094 0.954
4 20 1.092 0.942 5 7 1.264 1.358 5 8 1.275 1.343
5 10 2.156 0.063 6 15 1.142 0.534 6 16 1.025 0.833
7 8 2.231 0.105 7 10 1.891 0.370 8 10 1.933 0.340
8 16 2.088 0.066 9 10 1.911 0.231 9 17 0.967 0.853
9 18 0.967 0.855 11 15 1.737 0.474
Table 2 Bond distance and bond order analysis of L-proline lithium bromide monohydrate (LPLBM).
Bond Bond Bond
Atom Pair Dist Order Atom Pair Dist Order Atom Pair Dist Order
1 2 1.537 0.984 1 3 1.543 0.976 1 11 1.091 0.950
1 12 1.097 0.952 2 4 1.532 0.988 2 20 1.095 0.942
2 21 1.093 0.954 3 5 1.524 0.928 3 6 1.503 0.859
3 13 1.095 0.912 4 6 1.503 0.882 4 18 1.094 0.955
4 19 1.092 0.939 5 7 1.263 1.361 5 8 1.274 1.345
5 10 2.158 0.062 6 14 1.109 0.585 6 15 1.027 0.826
7 8 2.231 0.106 7 10 1.895 0.370 8 10 1.936 0.330
8 15 2.059 0.072 9 10 1.912 0.233 9 16 0.967 0.855
9 17 0.967 0.853 14 22 1.951 0.424
Table 3 Mulliken charge and populations analysis of LPLCM and LPLBM molecules.
L-proline lithium chloride monohydrate L-proline lithium bromide monohydrate
Ground state Excited state Ground state Excited state
Atom Mull.Pop. Charge Mull.Pop. Charge Mull.Pop. Charge Mull.Pop. Charge
1 C 6.198731 0.198731 6.201640 0.201640 6.198982 0.198982 6.200453 0.200453
2 C 6.215273 0.215273 6.220077 0.220077 6.217003 0.217003 6.217655 0.217655
3 C 6.024172 0.024172 6.082452 0.082452 6.030919 0.030919 6.077627 0.077627
4 C 6.064885 0.064885 6.096997 0.096997 6.066324 0.066324 6.102580 0.102580
5 C 5.277333 0.722667 5.285037 0.714963 5.272575 0.727425 5.272002 0.727998
6 N 7.500006 0.500006 7.518399 0.518399 7.498167 0.498167 7.512065 0.512065
7 O 8.596437 0.596437 8.548038 0.548038 8.592652 0.592652 8.554528 0.554528
8 O 8.620905 0.620905 8.594701 0.594701 8.622715 0.622715 8.596045 0.596045
9 O 8.602206 0.602206 8.510885 0.510885 8.602119 0.602119 8.512193 0.512193
10 LI 2.548119 0.451881 2.982914 0.017086 2.544437 0.455563 2.981775 0.018225
11 H 0.863957 0.136043 0.851449 0.148551 0.859640 0.140360 0.840344 0.159656
12 H 0.882897 0.117103 0.838579 0.161421 0.881611 0.118389 0.851131 0.148869
12 H 0.818664 0.181336 0.823310 0.176690 0.812936 0.187064 0.832602 0.167398
14 H 0.723364 0.276636 0.603167 0.396833 0.709467 0.290533 0.648396 0.351604
15 H 0.680299 0.319701 0.633662 0.366338 0.674055 0.325945 0.636288 0.363712
16 H 0.637555 0.362445 0.766735 0.233265 0.639330 0.360670 0.773270 0.226730
17 H 0.639640 0.360360 0.793960 0.206040 0.636758 0.363242 0.773871 0.226129
18 H 0.875616 0.124384 0.822961 0.177039 0.871643 0.128357 0.831428 0.168572
19 H 0.842515 0.157485 0.824556 0.175444 0.833466 0.166534 0.780533 0.219467
20 H 0.840933 0.159067 0.850218 0.149782 0.842378 0.157622 0.857082 0.142918
21 H 0.887021 0.112979 0.852777 0.147223 0.882812 0.117188 0.852752 0.147248
22 CL 17.659470 0.659470 17.297487 0.297487
22 Br 35.710011 0.710011 5.295380 0.295380
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4 H. Abbas et al.with DALTON (DALTON 2011, a molecular electronic
structure program (2011)) package using small basis set.
3. Results and discussion
3.1. Ground state optimized geometry
The ground state optimized geometry of L-proline lithium
chloride monohydrate and L-proline lithium bromide monohy-
drate obtained by DFT/B3LYP with 6-31G(d,p) basis set is
shown in Fig. 1a and b respectively, along with the numbering
of atoms and symbol. The optimized geometrical parameters,
Mulliken charge, vibrational modes, IR intensity and excita-
tion energy are given in Tables 1–5. The hydrogen bonding
in both the molecules is represented by dotted lines.
In L-proline lithium chloride monohydrate (LPLCM), we
observe hydrogen bond between the H(15) and Cl atom of
bond length 1.737 A˚, this value is not mentioned in the experi-
mental reported data (Uma Devi et al., 2009) However, there is
an intramolecular hydrogen bonding available in proline mole-
cule between H(16) and O(8) [2.087 A˚] as well as weak bonding
between H(14) and O(8) [3.122 A˚]. All CAC and CAN bond
lengths in the ﬁve membered ring of LPLCM are comparable
to the related literature (Uma Devi et al., 2009).
Similarly in case of L-proline lithium bromide monohydrate
(LPLBM), we observed a hydrogen bond between H(14) and
Br(22), the bond length is equal to 1.951 A˚ which is found to
be shorter when compared with experimentally reported value
(Sathiskumar et al., 2015). However, there is an intramolecular
hydrogen bonding available in proline molecule between H(15)
and O(8) [2.059 A˚] as well as weak bonding between H(13) and
O(8) [3.128 A˚]. All other bond lengths in the ﬁve membered
ring of LPLBM are comparable to the related literature
(Sathiskumar et al., 2015).
The main bond length values in both the molecules show
that there is hydrogen bonding and the strength of the hydro-
gen bond is higher in L-proline lithium chloride monohydrate
as compared to L-proline lithium bromide monohydrate. No
proton transfer occurred during geometry optimization. In
both the molecules, the water molecule is connected to lithium
atom by forming a bond at 1.91 A˚ between O(9) and Li.
All the CAC bond lengths in both the molecules are within
the range of standard value (1.54 A˚). The calculated shortest
value for CAO bond length comes out 1.274 A˚, which is quite
less than the standard value (1.43 A˚) of CAO bond length. We
obtain C‚O bond at 1.263 A˚, which is 0.053 A˚ larger than the
standard C‚O bond length. All the CAH bond lengths
remain between 1.091 A˚ to 1.097 A˚.
3.2. Mullikan population analysis
Mulliken population analysis shown in Table 3, was obtained
for both the optimized structures shown in Fig. 1. Charge
analysis shows that C(5) and lithium atoms acquire maximum
positive charge due to their bonding with highly electronega-
tive oxygen atom. The chlorine and bromine atoms get the
maximum negative charge. Similarly O(8) is the second most
negative charge holder because it is connected with the carbon
and lithium atom. From the data it is clear that all the hydro-
gen atoms respect the electronegativity of the adjacent atom
and donate its charge.Please cite this article in press as: Abbas, H. et al., Density functional study of spectroscopy, electronic structure, linear and nonlinear optical properties of L-proline
lithium chloride and L-proline lithium bromide monohydrate: For laser applications. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
j.arabjc.2015.02.011
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We now focus on the electronic structure by analyzing the
most important orbitals, HOMO and LUMO shown in
Fig. 2. Both the molecules show the same HOMO–LUMO
positions. In L-proline lithium chloride monohydrate the
HOMO is entirely located on chlorine atom, while the
LUMO is localized on water molecule. These results favor
the widely accepted mechanism of charge displacement asso-
ciated to the ﬁrst HOMO–LUMO excitation. Upon excitation
electrons are transferred mainly from chlorine (Cl) atom to
water molecule. In addition, a lower HOMO–LUMO energy
gap is an indication of charge transfer within the molecule.
We observe that HOMO–LUMO gap considerably decreased
in excited state. Similarly, in L-proline lithium bromide the
HOMO is localized on bromine atom and LUMO is on water
molecule.
3.4. Molecular electrostatic potential (MEP) analysis
The molecular electrostatic potential (MEP) map for both
LPLCM and LPLBM molecules is shown in Fig. 3. MEP
was calculated at the B3LYP/6-31G(d,p) optimized geometry.
This parameter is related to electron density and is useful for
predicting the sites for electrophilic, nucleophilic and hydrogen
bonding interaction. Red and blue areas in the ﬁgure refer to
the region of positive and negative potentials and correspond
to the electron deﬁcient and electron rich regions respectively.
From the map it is clear that these molecules have several sitesTable 5 Calculated and experimentally reported vibrational mod
LPLCM and LPLBM molecules.
L-proline lithium chloride monohydrate (LPLCM) L-proline lithiu
Theoretically calculated Experimental Theoretically c
Freq. (cm1) IR intensity (Debye2) Uma Devi et al. (2009) Freq. (cm1) I
3984 2.74 3962 3903 2
3882 1.17 3771 3803 1
3431 2.55 3401 3409 3
3191.13 0.35 3191 3191 0
3118.48 0.52 3083 3060 0
– – 2742 – –
– – 2275,2141 2194 0
1838 1.12 – – –
1678 7.91 1621 1652 8
1513 1.53 1527 1571 1
1428.77 6.21 1423 1407 2
1364 1.54 1370 1376 0
1338 0.16 1329 1335sh 0
1223 0.41 – 1200 0
1112 0.51 1168 1170 0
1046 0.54 – 1084 0
1028 0.18 1031 1035 0
956 0.5 972 947 0
902 0.27 922 919 0
821 0.57 845 860 0
739 6.83 778 735 6
646 0.17 661 695 0
572 0.68 603 560 0
– – 503 442 4
399 3.77 414 – –
Please cite this article in press as: Abbas, H. et al., Density functional study of spectr
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j.arabjc.2015.02.011for nucleophilic attack whereas, chlorine (Cl) and bromine (Br)
atoms are the main sites for electrophilic attack. Because, gen-
erally the oxygen atoms in a molecule are the most elec-
tronegative region but for these molecules it is apparent
from the Mulliken charge analysis that chlorine and bromine
acquire maximum negative charge. However, in excited state
they lose this characteristic.
3.5. Excited state
The HOMO–LUMO gap, dipole moment and excitation
energy of the LPLCM and LPLBM are shown in Table 4.
For LPLCM, the excitation energy (S1) relative to (S0) calcu-
lated by CIS and TDDFT is 1.28 and 0.064 eV respectively.
These values for the LPLBM come out to be 2.29 and
0.102 eV. These results conﬁrm that both the molecules possess
the property of extended UV–vis transmittance. They do not
have absorption in a wide range of UV–vis spectrum.
Both the molecules have less polar excited state in compar-
ison with ground state. The change in dipole moment upon
excitation was found due to charge redistribution mainly
within HOMO and LUMO. Mulliken charge analysis shows
that on excitation the position of maximum positive charge
C(5) remains the same because it does not take part in
LUMO. However, the position of maximum negative charge
(Cl or Br) changes drastically because the entire HOMO is
located on these atoms in their respective molecule. It is inter-
esting to note that in the excited state of LPLCM the hydrogen
bonding between Cl and H(15) splits up and a new one ises along with IR intensities and corresponding assignments of
m bromide monohydrate (LPLBM)
alculated Experimental band assignments
R intensity (Debye2) Sathiskumar et al. (2015) Corres. assignments
.76 3398 OAH Asy. Stret.
.15 3239 OAH Sym. Stret.
.09 – NAH Stret.
.36 3185 NAH Asy. Stret.
.52 3077 NAH Sym. Stret
2960 CAH Stret.
.73 2222,2086 NH bending/torsional
– HACl deformation
.67 1614 COO Asy. Stret.
.43 1523 NH2 In plane defor.
.2 1425 CH2/NH Sciss. Vib.
.36 1366 CH Bend.
.62 1328 CH2 Wagg.
.3 1228 CAO Stre.
.31 1166 NH2 Twist.
.49 1080 CH2 Rock.
.17 1030 CAN Stre.
.45 970 CACAN Stre.
.28 921 NH2 Rock.
.64 842 CH2 Rock.
.37 748 COO In plane defor.
.16 660 COO Wagg.
.34 565 NH Torsional
.32 426 Cl/Br in plane defor.
– COO Rock.
oscopy, electronic structure, linear and nonlinear optical properties of L-proline
lications. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
6 H. Abbas et al.formed between H(16)AO(8). LPLBM shows the same charac-
teristic, which has a hydrogen bond between H(15)AO(8) in its
excited state.
Furthermore, we have also performed CIS(D) calculations
for both the molecules. We have used 3-21G and 6-31++G
basis set due to available limited computational resources.
The calculated excitation energies are presented in Table 4.
For LPLCM, the obtained excitation energies are 1.3 and
1.27 eV by 3-21G and 6-31++G basis set respectively. For
LPLBM, we get this equal to 0.823 eV by 3-21G basis set.
From the data presented in Table 4 it is clear that these values
are higher in comparison with our TDDFT results and are
lower than the CIS results.
3.6. Dipole moment analysis
The calculated dipole moment in gas phase, has established the
fact that there is considerable change in the dipole moments
upon exciting these molecules from the ground to their excited
singlet state S1. We show in Table 4 our calculated ground
state (S0) and excited state (S1) dipole moments. LPLCM
and LPLBM have more polar ground state in comparison with
their excited state. The major variation in dipole moment seen
on excitation was found to occur as a consequence of charge
redistribution within these molecules. However, the majorityMolecule HOMO
LPLCM
LPLBM
Figure 2 HOMO and LUMO representati
Please cite this article in press as: Abbas, H. et al., Density functional study of spectr
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j.arabjc.2015.02.011of the state dependent charge shifts occur at lithium, chlorine
and bromine atom. We note that, on excitation, the lithium
atom gains maximum electronic charge while chlorine and bro-
mine loose maximum electronic charge. For LPLCM the
dipole moment is lowered considerably from 12.17 D in
ground state to 8.30 D in excited state. In the same way, the
dipole moment of LPLBM decreases and its value turns out
to be 12.66 D in S0 state and 5.86 D in S1 state.
3.7. Vibrational analysis
In 2009 Devi et al. (Uma Devi et al., 2009) and in 2015
Sathiskumar et al., (Sathiskumar et al., 2015) have reported
the FTIR spectrum of LPLCM and LPLBM in the wave num-
ber ranges from 400 to 4000 cm1. LPLCM and LPLBM each
have 22 atoms. Therefore, these molecules have 60 normal
modes of vibration. The calculated as well as experimentally
reported (Uma Devi et al., 2009; Sathiskumar et al., 2015)
vibrational frequencies along with their intensities are given
in Table 5 for both the molecules and compared. We have con-
sidered the frequencies with stronger intensities only because
low intensities have no signiﬁcant effect on vibration spectrum
of molecule. In Fig. 4a and b we have presented the calculated
IR spectrum of LPLCM and LPLBM respectively visualized
by AVOGADRO (Hanwell et al., 2012). ExperimentallyLUMO
ons of LPLCM and LPLBM molecules.
oscopy, electronic structure, linear and nonlinear optical properties of L-proline
lications. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Figure 3 Molecular electrostatic potential of (a) L-proline
lithium chloride monohydrate and (b) L- proline lithium bromide
monohydrate molecules.
Figure 4 IR frequencies of (a) LPLCM and (b) LPLBM
molecules.
Density functional study for laser applications 7observed frequencies are generally found to be lower in com-
parison with the calculated harmonic frequencies. Therefore,
we have used the scaling factor of 1.02 to match the calculated
and experimental frequencies.
The high wave number region contains characteristics
vibrational frequencies of OAH asymmetric stretching. There
are two OH groups in the concerned molecules. We observe
asymmetrical and symmetrical stretching of OAH groups at
3984 and 3882 cm1 respectively. The deforming vibration of
hydrogen atom attached to Cl atom was observed at
1838 cm1. The Scissoring vibration of NH2 for which the
standard range is 1550–1650 cm1 is observed at 1513 cm1
while the wagging, twisting and rocking occurred at 1364,
1112 and 902 cm1 respectively. The mode at 3431 cm1 is
due to NAH stretching and the mode at 1046 is for CAN
stretching. The mode at 1223 cm1 is associated to the wagging
vibration of CH2 and the vibration at 956 and 821 cm
1 is for
its rocking. The calculated frequencies at 739 and 646 cm1
represent the scissoring and wagging of COO and the asym-
metrical stretching of this group was occurred at 1678 cm1.
The other vibrational modes can be explained as given in
Table 5.
3.8. Nonlinear optical (NLO) properties
A basic motivation for the current research of non-linear opti-
cal properties of materials is due to their use in logical opera-
tions, switching actions, signal processing, data storage,
frequency shifting and optical modulation for the present
and nearby future technological advances.
Linear polarizability tensor (a), ﬁrst order hyperpolarizabil-
ity (b) and second order static hyperpolarizability (c) tensors of
the LPLCM and LPLBM were calculated by ﬁnite ﬁeld
method. In the ﬁnite ﬁeld method, a molecule is subjected to
a static electric ﬁeld (F), the energy (E) of the molecule is
expressed by the following equation:
E ¼ Eð0Þ  l1F1 
1
2
aijFiFj  1
6
bijkFiFjFk 
1
24
cijklFiFjFkFl    
ð1Þ
where E(0) is the energy of molecule in the absence of an elec-
tronic ﬁeld, while components are labeled by i, j and k respec-
tively. For any molecule, the average dipole moment l, static
or linear polarizability (a0) and total polarizability (Da) are
deﬁned as follows:
l ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l2x þ l2y þ l2z
q
ð2Þ
The static polarizability is
a0 ¼ 1
3
axx þ ayy þ azz
  ð3Þ
Total polarizability
Da ¼ 1ﬃﬃﬃ
2
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
axx  ayy
 2 þ ayy  azz 2 þ azz  axxð Þ2 þ 6a2xz
h ir
ð4Þ
Similarly, the components of the ﬁrst hyperpolarizability
can be calculated using the following equation:Please cite this article in press as: Abbas, H. et al., Density functional study of spectroscopy, electronic structure, linear and nonlinear optical properties of L-proline
lithium chloride and L-proline lithium bromide monohydrate: For laser applications. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
j.arabjc.2015.02.011
Table 6 Calculated polarizability and ﬁrst and second order hyperpolarizability of (A) LPLCM and (B) LPLBM by DFT.
Polarizability (a) First order hyperpolarizability (b) Second order hyperpolarizability (c)
LPLCM LPLBM LPLCM LPLBM LPLCM LPLBM
Parameter a.u. esu (·1024) a.u esu (·1024) Parameter a.u. esu (·1030) a.u. esu (·1030) Parameter a.u. a.u.
axx 84.74 12.55847 90.69 13.44026 bxxx 132.59 1.14545 138.32 1.19495 cxxxx 11077.01 12805.84
axy 3.48 0.51574 3.8 0.56316 bxxy 3.49 0.03015 1.69 0.0146 cxxyy 1924.17 2182.17
axz 5.46 0.80917 6.59 0.97664 bxxz 77.94 0.67332 91.07 0.78675 cxxzz 2477.75 3315.12
ayy 72.12 10.68818 78.71 11.66482 bxyy 6.04 0.05218 13.99 0.12086 cxyxy 1924.17 2182.17
ayz 1.31 0.19414 3.35 0.49647 bxyz 12.67 0.10946 18.93 0.16354 cxzxz 2477.75 3315.12
azz 72.08 10.68226 80.96 11.99827 bxzz 59.56 0.51454 75.02 0.6481 cxyyx 1924.17 2182.17
cxzzx 2477.75 3315.12
a0 76.313 11.30959 80.493 11.92906 byyy 40.55 0.35031 49.81 0.43031 cyyyy 2310.41 2829.42
Da 13.003 1.92704 11.029 1.6345 byyz 27.22 0.23515 39.94 0.34504 cyyxx 1924.17 2182.17
Dipole moments (Debye) byzz 63.76 0.55082 85.31 0.73699 cyyzz 1060.51 1522.31
RHF with 6-31G(d,p) basis B3LYP with 6-31G(d,p) basis bzzz 164.22 1.4187 218.35 1.88633 cyxyx 1924.17 2182.17
Ground state 15.62 12.17 16.17 12.66 btot 249.6523 2.15675 438.6893 3.78984 cyzyz 1060.51 1522.31
Singlet state 11.86 8.30 13.2 5.86 b0 149.7912 1.29405 263.2136 2.2739 cyxxy 1924.17 2182.17
cyzzy 1060.51 1522.31
czzzz 4556.59 6850.61
czzxx 2477.75 3315.12
czzyy 1060.51 1522.31
czxzx 2477.75 3315.12
czyzy 1060.51 1522.31
czxxz 2477.75 3315.1
czyyz 1060.51 1522.31
ctot 4881.774 6757.014
8
H
.
A
b
b
a
s
et
a
l.
P
lease
cite
th
is
article
in
p
ress
as:
A
b
b
as,
H
.
et
al.,
D
en
sity
fu
n
ctio
n
al
stu
d
y
o
f
sp
ectro
sco
p
y,
electro
n
ic
stru
ctu
re,
lin
ear
an
d
n
o
n
lin
ea
r
o
p
tical
p
ro
p
erties
o
f
L-p
ro
lin
e
lith
iu
m
ch
lo
rid
e
an
d
L-p
ro
lin
e
lith
iu
m
b
ro
m
id
e
m
o
n
o
h
yd
rate:
F
o
r
laser
ap
p
licatio
n
s.
A
rab
ian
Jo
u
rn
al
o
f
C
h
em
istry
(2015),
h
ttp
://d
x.d
o
i.o
rg/10.1016/
j.arab
jc.2
015.02.011
Figure 5 The variation of static ﬁrst hyperpolarizability values
of LPLCM and LPLBM with urea.
Density functional study for laser applications 9bi ¼ biii þ
X
i–j
ðbijj þ 2bjiiÞ
3
 
ð5Þ
By using the x, y, z components and magnitude of ﬁrst
hyperpolarizability (btot) can be calculated by following
equation:
btot ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2x þ b2y þ b2z
 r
ð6Þ
where
bx ¼ ðbxxx þ bxxy þ bxyyÞ
by ¼ ðbyyy þ bxxz þ byyzÞ
bz ¼ ðbxzz þ byzz þ bzzzÞ
Therefore
btot¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bxxxþbxxyþbxyy
 2þ byyyþbxxzþbyyz 2þ bxzzþbyzzþbzzz 2
h ir
ð7Þ
and b0 was also calculated by the following relation:
b0 ¼ btot 
3
5
ð8Þ
The calculated values of polarizability, ﬁrst and second
hyperpolarizability by RHF/6-31G(d,p) are presented in
Table 6. The calculated values which were in atomic units
(a.u), have been converted into electrostatic units (esu)
(for a: 1 a.u. = 0.1482 · 1024 esu; for b: 1 a.u. =
0.008639 · 1030 esu). The mean or total polarizability, a0
and anisotropy of polarizability, Da of LPLCM are
11.30959 · 1024 esu and 1.92704 · 1024 esu, respectively
while for LPLBM the values of these parameters are
11.92906 · 1024 esu and 1.6345 · 1024 esu respectively. The
calculated values of ﬁrst order hyperpolarizability for these
molecules are 2.15675 · 1030 esu and 3.78984 · 1030 esu
respectively which concludes that LPLBM is having higher
nonlinear value than LPLCM molecule. The experimentally
reported values for solid LPLCM as well as LPLBM are 0.2
times of KDP (Uma Devi et al., 2009) and 0.3 times of urea
(Sathiskumar et al., 2015), no theoretical values have been
reported so far on the titled molecules for comparison. The
ﬁrst order hyperpolarizability of L-proline lithium chloride
monohydrate and L-proline lithium bromide monohydrate
are signiﬁcantly greater (i.e. >5 times and 10 times) than that
of the urea as l and b for urea are 1.3732 Debye and
0.3728 · 1030 esu, which are frequently used for the compar-
ison of NLO properties with other materials. The comparison
graph for calculated ﬁrst hyperpolarizability values of LPLCM
and LPLBM with urea is shown in Fig. 5. The second order
hyperpolarizability (c) was also calculated and presented in
the same Table 6.
The average second order hyperpolarizability Æcæ output
value was calculated from the following relation:
hci ¼ 1
5
cxxxx þ cyyyy þ czzzz þ 2cxxyy þ 2cxxzz þ 2cyyzz
  ð9Þ
These results conﬁrm that both the compounds are having
good nonlinear optical parameters and can be the best candi-
dates for optical device applications. The nonlinear optical
parameters of both the molecules are found to be higher as
well as comparable with other reports (Azhagiri et al., 2014;Please cite this article in press as: Abbas, H. et al., Density functional study of spectr
lithium chloride and L-proline lithium bromide monohydrate: For laser app
j.arabjc.2015.02.011Govindarasu and Kavitha, 2014; Karabacak and Cinar,
2012; Arivazhagana and Meenakshi, 2012). The value of
polarizability, ﬁrst and second order hyperpolarizability
(b, c) dominated by their diagonal components of ax, bxxx, -
cxxxx and the domination of a speciﬁc component shows on
a substantial delocalization of charges in this direction. The
average second order hyperpolarizability (Æcæ) value was also
calculated and found to be 4881.774 and 6757.014 a.u for
the LPLCM and LPLBM molecules respectively. The static
ﬁrst and second order hyperpolarizability is found to be higher
for LPLBM than LPLCM molecule.
3.9. Global chemical reactivity descriptors (GCRD) analysis
GCRD parameters of molecules such as hardness (g), chemical
potential (l), softness (S), electronegativity (v) and elec-
trophilicity index (x) of LPLCM and LPLBM have been cal-
culated by using HOMO and LUMO energy values. The
above said parameters of LPLCM and LPLBM were calcu-
lated using the below equations. By using Koopman’s theorem
for closed-shell molecules, the hardness of the molecule is
given by:
g ¼ I A
2
Chemical potential of a molecule is given by
l ¼  Iþ A
2
	 

Softness of a molecule is given by
S ¼ I
2g
Electronegativity of the molecule is given by
v ¼ Iþ A
2
	 

Electrophilic index of the molecule is given by
x ¼ l
2
2goscopy, electronic structure, linear and nonlinear optical properties of L-proline
lications. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/
Table 7 Global chemical reactivity descriptors of LPLCM and LPLBM molecules.
Electron
aﬃnity (A)
Ionization
potential (I)
Hardness (g) Chemical
potential (l)
Softness (S) Electronegativity (v) Electrophilicity
index (x)
L-proline lithium chloride monohydrate (LPLCM)
1.325 5.273 1.974 3.299 1.336 3.299 2.757
L-proline lithium bromide monohydrate (LPLBM)
1.355 4.917 1.781 3.136 1.381 3.136 2.761
Table 8 Thermodynamic properties of LPLCM and LPLBM
molecules at T= 298.15 K.
E H G CV CP S
kJ/mol kJ/mol kJ/mol J/mol K J/mol K J/mol K
L-proline lithium chloride monohydrate (LPLCM)
491.35 493.83 348.70 186.62 194.94 486.75
L-proline lithium bromide monohydrate (LPLBM)
493.39 495.87 346.76 187.85 196.16 500.09
10 H. Abbas et al.As mentioned in above equations, I and A are ionization
potential and electron afﬁnity of the molecules. These can be
expressed through HOMO and LUMO orbital energies as
I= HOMO and A= LUMO. The corresponding values
of A and I of LPLCM and LPLBM obtained by B3LYP/6-
31G(d,p) method are given in Table 7. The calculated values
of the g, l, S, v and x for LPLCM and LPLBM are also given
in the same Table 7. The chemical hardness of the molecules is
deﬁned by the large and small HOMO–LUMO gap, which sig-
niﬁes that the molecule is hard or soft respectively. These
parameters are also found to be comparable with other
reported molecules (Shkir et al., 2015b,c). Thermodynamic
parameters based on the vibrational analysis of title molecules
at B3LYP/6-31G(d,p) basis set such as Heat capacity (Cv),
entropy (S) and enthalpy (H) were also calculated for both
molecules and presented in Table 8.
4. Conclusions
Ground state optimized geometry, excitation energy and vibra-
tional frequencies of LPLCM and LPLBM were obtained by
DFT/B3LYP methods with 6-31G(d,p) basis set for the ﬁrst
time. The bond lengths were also calculated and compared.
The calculated excitation energy and vibrational frequencies
are in semi quantitative agreement with the earlier reported
experimental data. Both the molecules have less polar excited
state in comparison with ground state and the position of
hydrogen bonding changes in excited state. It is found that
the LPLCM and LPLBM are optically transparent in wide
range of absorption spectrum. The static ﬁrst and second order
hyperpolarizability values are found be many folds higher than
prototype urea molecule and LPLBM molecule is highly NLO
active than LPLCM molecule. Global chemical reactivity
descriptors were calculated and explained about the chemical
stability of the studied molecules. The thermodynamic
parameters were also calculated for both the titled materials.
The calculated nonlinear optical parameters such as
polarizability and ﬁrst and second order hyperpolarizabilityPlease cite this article in press as: Abbas, H. et al., Density functional study of spectr
lithium chloride and L-proline lithium bromide monohydrate: For laser app
j.arabjc.2015.02.011suggest that they can be used for nonlinear optical devices
fabrications.
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